Proteases play a crucial role in remodeling the bacterial proteome in response to changes in cellular environment. Escherichia coli ZntR, a zinc-responsive transcriptional regulator, was identified by proteomic experiments as a likely ClpXP substrate, suggesting that protein turnover may play a role in regulation of zinc homeostasis. When intracellular zinc levels are high, ZntR activates expression of ZntA, an ATPase essential for zinc export. We find that ZntR is degraded in vivo in a manner dependent on both the ClpXP and Lon proteases. However, ZntR degradation decreases in the presence of high zinc concentrations, the level of ZntR rises, and transcription of the zntA exporter is increased. Mutagenesis experiments reveal that zinc binding does not appear to be solely responsible for the zinc-induced protection from proteolysis. Therefore, we tested whether DNA binding was important in the zinc-induced stabilization of ZntR by mutagenesis of the DNA binding helices. Replacement of a conserved arginine (R19A) in the DNA binding domain both enhances ZntR degradation and abolishes zinc-induced transcriptional activation of zntA. Biochemical and physical analysis of ZntR R19A demonstrates that it is structurally similar to, and binds zinc as well as does, the wild-type protein but is severely defective in binding DNA. Thus, we conclude that two different ligands-zinc and DNAfunction together to increase ZntR stability and that ligand-controlled proteolysis of ZntR plays an important role in fine-tuning zinc homeostasis in bacteria.
The intracellular levels of transcription factors are critical for the modulation of gene expression, and therefore their levels must be tightly controlled. Proteolysis is used by all forms of life both for shaping the proteome in response to changes in environmental conditions and for protein quality control by degrading damaged, misfolded, or mislocalized proteins. Regulated proteolysis is an important mechanism for controlling the levels of transcriptional regulators in response to environmental stimuli. Degradation of key regulatory proteins influences multiple stress responses in Escherichia coli (15, 21) , progression of the cell cycle in Caulobacter crescentus (12) , and competence and sporulation in Bacillus subtilis (22, 44) . In this study we investigate the role of regulated proteolysis in zinc homeostasis in E. coli.
Zinc is an essential trace element and a key structural component of a large number of proteins (1, 7) . Zinc also serves as an essential cofactor in numerous enzymes and regulatory proteins (8, 9) . However, excess zinc is toxic and therefore intracellular zinc levels must be kept tightly in check. In prokaryotes, zinc homeostasis is mainly achieved by regulating the uptake and efflux of zinc (16) . The primary zinc import system in E. coli is ZnuABC, an ABC-type transporter (33, 34) , and the primary zinc export system is the P-type ATPase ZntA (37) . Zinc import by the ZnuABC transporter is regulated by Zur, a zinc-responsive homolog of the iron uptake regulator Fur. In the presence of zinc, Zur binds to the znu operator and acts as a repressor. In the absence of zinc, Zur does not bind DNA and therefore fails to compete with RNA polymerase, and transcription proceeds (30) . In contrast, transcription of zntA is activated by ZntR, a member of the MerR family of metal-responsive transcriptional regulators. The binding of zinc to ZntR converts it into a strong transcriptional activator of the zntA gene (31) , resulting in increased efflux of zinc. Based on the finding that there is no substantial pool of free zinc in the E. coli cytoplasm under normal growth conditions, the transcription of the zinc efflux or uptake system is considered to be activated by femtomolar concentrations of free zinc (30) .
In this study we address factors that control changes in intracellular ZntR levels and thus likely influence zinc homeostasis. ZntR was identified as a substrate captured by an inactive variant of ClpXP (ClpXP trap ) (29) , indicating that it is a likely substrate for degradation by the ClpXP protease. ClpXP is one of the five energy-dependent cytoplasmic proteases in E. coli (13) . ClpXP is known to recognize, unfold, and degrade a number of important regulatory proteins (17, 24, 39) .
We investigate the proteases involved in ZntR proteolysis and the role of two functional ligands in modulating the degradation of ZntR. We demonstrate that ZntR is an in vivo substrate of both ClpXP and Lon proteases and establish that it is directly degraded by Lon in vitro. We also show that ZntR binding to DNA protects ZntR against proteolysis and its stability is further increased in the presence of added zinc. Binding to DNA couples ZntR stabilization against degradation with zinc-induced activation of zntA transcription, which in turn triggers increased efflux of zinc. Therefore, we propose that ligand-controlled turnover of ZntR via ATP-dependent proteolysis contributes to the robust feedback loop that maintains appropriate intracellular zinc levels.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Strain MC4100 or MC4100 derivatives were grown at 37°C in Luria-Bertani medium (LB) (27) or EZ rich defined medium (Teknova) supplemented with 0.4% glycerol as a carbon source.
Construction of zntR::cat mutant. The MC4100 zntR mutant was constructed by one-step inactivation using the Red system (10). The chromosomal zntR gene was replaced with the cat gene generated by PCR using pKD3 DNA as a template and the following primers with homology extensions to the noncoding regions located upstream and downstream of the zntR gene: 5Ј-GACAAGTTG TTGGACAAAATCAACGATAACTAGTGGAGTATGCATATGAATATCC TCCTTAG-3Ј and 5Ј-GGTTATTTAACGGCGCGAGTGTAATCCTGCCAG TGCAAAAGTGTAGGCTGGAGCTGCTTC-3Ј.
DNA manipulation. For PCRs, restriction digestions, ligations, transformations, and agarose gel electrophoresis, standard genetic and molecular techniques were followed (38, 42) . Plasmid DNA preparations and recovery of DNA from agarose gels were performed with QIAGEN kits. The nucleotide sequence of the insert and adjacent region was confirmed by DNA sequencing (MIT/CCR/ HHMI Biopolymers Laboratory) for all constructs generated for this study.
ZntR cloning, purification, and preparation of a polyclonal antibody. The ZntR coding region was amplified from chromosomal DNA by PCR using the primers 5Ј-CTAGTGGAGTACATATGTATCGCATTGG-3Ј (NdeI) and 5Ј-G TAATCCTGCGGATCCAAAAAATCAACAACC-3Ј (BamHI). After digestion with NdeI and BamHI the PCR fragment was cloned into digested pET-11a (Novagen), resulting in pMP4. For expression of ZntR, pMP4 was transformed into the bacterial strain BL21(DE3) carrying the pLysS plasmid (Novagen). Cells were grown in LB with ampicillin (100 g ml Ϫ1 ) and chloramphenicol (30 g ml Ϫ1 ) at 25°C to an optical density at 600 nm (OD 600 ) of 0.6 before IPTG (isopropyl-␤-D-thiogalactopyranoside) was added. After a 4-h induction, the cells from a 2-liter culture were harvested by centrifugation and ZntR was purified as described previously (31) . Samples with a protein concentration of 77 M were used for rabbit polyclonal antibody production (Covance Research Products).
pMP32 (carrying the untagged ZntR) was constructed by ligating the NheI/ HindIII-treated PCR fragment (containing the ZntR coding region) into pBAD18 vector digested with the same restriction enzymes. The PCR fragment was generating using the primers 5Ј-CAAAATCAACGCTAGCTAGAGGAGA ATGTATG-3Ј (NheI), containing the Shine-Dalgarno sequence, and 5Ј-CGAG TGTAAGCTTGCCAGTGCAAAAAATC-3Ј (HindIII).
Expression and purification of tagged ZntR protein. N-and C-terminally polyhistidine (six-His)-tagged variants of ZntR were constructed using the pBAD/His or pBAD/Myc-His vector (Invitrogen), respectively. For N-terminally six-His-tagged ZntR, a PCR fragment was generated using chromosomal DNA as a template and the primers 5Ј-GAAGATCTTGATGTATCGCATTGGTGA GCTGG-3Ј (BglII) and 5Ј-GCGAATTCTCAACAACCACTCTTAACGCCA C-3Ј (EcoRI). The BglII/EcoRI-cleaved PCR product was ligated into the equally treated pBAD/His vector. The same template and the primers 5Ј-TCG CCTAGGATGTATCGCATTGGTGAGCTGG-3Ј (AvrII) and 5Ј-GCGAATT CGCACAACCACTCTTAACGCCACTCG-3Ј (EcoRI) were used to amplify the PCR product for generation of the C-terminally six-His-tagged ZntR. After digestion with AvrII and EcoRI, the PCR fragment was cloned into the pBAD/ Myc-His vector cleaved with the same restriction enzymes.
The pBAD/Myc-His vector carrying the C-terminally six-His-tagged ZntR was transformed into Top10 cells (Invitrogen). Cells were grown in LB with ampicillin (100 g ml Ϫ1 ) at 30°C to an OD 600 of 0.6 before induction with arabinose. After an additional 4-h growth period, the cells from a 2-liter culture were harvested by centrifugation. The pellet was resuspended in lysis buffer (50 mM Tris, pH 8, 0.1% Tween 20, 10 mM ␤-mercaptoethanol, 300 mM NaCl), and the cells were disrupted with a French press. The whole-cell extract was centrifuged for 30 min at 16,000 rpm (Sorvall SS-34 rotor), and the supernatant was incubated (for 1 h at 4°C) with 1.5 ml nickel-nitrilotriacetic acid resin (QIAGEN) equilibrated in lysis buffer. After mixing, the resin was packed into a column and washed with 200 ml wash buffer (50 mM Tris, pH 8, 0.1% Tween 20, 10 mM ␤-mercaptoethanol, 300 mM NaCl, 20% glycerol, 20 mM imidazole). The Cterminally six-His-tagged ZntR was eluted with 10 ml elution buffer (50 mM Tris, pH 8, 0.1% Tween 20, 10 mM ␤-mercaptoethanol, 300 mM NaCl, 10% glycerol, 250 mM imidazole). The eluted protein was loaded onto a Sephacryl S-100 high-resolution gel filtration column equilibrated in storage buffer (50 mM Tris, pH 8, 250 mM NaCl, 5 mM dithiothreitol [DTT], 5% glycerol).
The N-terminally six-His-tagged derivatives of ZntR contain an Xpress epitope, whereas the C-terminally six-His-tagged variants carry a c-Myc epitope.
Generation of ZntR mutants. For construction of different deletions and mutations in the zntR gene, the QuikChange II site-directed mutagenesis kit (Stratagene) was used (primer sequences are available upon request).
Construction of chromosomal zntA::lacZ(op) fusion. Chromosomal lacZ fusion to zntA was isolated using the fusion vector pRS415 (43) . To generate the zntAЈ::lacZ transcriptional fusion, a zntA fragment containing 129 nucleotides of the noncoding region upstream of zntA (including the promoter region of zntA) and 294 nucleotides from the 5Ј end of the zntA coding region was amplified by PCR. The primers 5Ј-GGATAACGCGAATTCTGCGGCCTGCT-3Ј (EcoRI) and 5Ј-GCAGCGCGGATCCAACTTATGCACGAATG-3Ј (BamHI) containing a stop codon for zntAЈ and the chromosomal MC4100 DNA as a template were used for PCR. The EcoRI/BamHI-treated fragment was cloned into pRS415 digested with the same restriction enzymes, resulting in pMP5. This transcriptional fusion [zntAЈ::lacZ(op)] was transferred to the att site of MC4100 via RS45 as described previously (43) . Monolysogens were identified by wholecolony PCR (35) .
␤-Galactosidase assay. ␤-Galactosidase activity was assayed using o-nitrophenyl-␤-D-galactopyranoside (ONPG) as a substrate and is reported as micromoles of o-nitrophenol per minute per milligram of cellular protein (27) .
Degradation and Western blotting assays. Protein half-lives (t 1/2 s) were determined using samples from exponentially growing cells. For proteins expressed from pBAD plasmids, synthesis was induced for 30 min at an OD 600 of 0.3 by addition of arabinose to 0.005%. For the degradation of proteins in the presence of added zinc, ZnSO 4 (Fluka; Ն99.9% purity) was added to the cultures (0.5 mM final concentration) concomitantly with the addition of arabinose. Protein synthesis was stopped by addition of 100 g/ml chloramphenicol, and the samples were taken at different time points as described in the respective figure legends. Following the addition of ice-cold trichloroacetic acid to a 10% concentration, the samples were harvested by centrifugation, washed with 100% acetone, and resuspended in Tris-Tricine loading buffer to an OD 600 of 10. The protein levels were detected by Western blotting using polyclonal antibodies to ZntR, Xpress, or c-Myc epitope and an ECF substrate (Amersham).
Degradation in vitro. Lon 6 (0.6 M), ATP (16 mM), and an ATP regeneration system (200 g/ml creatine kinase and 20 mM creatine phosphate) were mixed in Lon degradation buffer (50 mM Tris, pH 8, 15 mM MgCl 2 , 5 mM KCl, 1 mM DTT) and incubated for 2 min at 37°C. For all degradation experiments, 5 M of protein was added, and samples were removed at specific times and analyzed by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis.
Zinc content determination. The metallochromic indicator 4-(2-pyridylazo)-resorcinol (PAR) was used for determination of zinc content of the purified C-terminally six-His-tagged ZntR proteins (19) . The zinc-bound form of the C-terminally six-His-tagged wild-type ZntR and ZntR R19A were prepared under aerobic conditions using 2 to 4 equivalents of ZnSO 4 . To calculate the fraction of zinc released, the absorbance of the zinc-PAR complex was read at 500 nm and normalized against an identical sample containing 1 mM methyl methanethiosulfonate. Methyl methanethiosulfonate alkylates cysteine residues and releases the zinc bound to the protein.
The growth media were also spectrophotometrically tested for metal contamination by the addition of PAR and EDTA (19) .
Electrophoretic mobility shift assay. For the gel mobility shift assays a DNA fragment encoding the zntA promoter region, which contains the ZntR binding site, was generated by PCR. The primers 5Ј-GTCCGCTCGCTGTATCTCTG-3Ј and 5Ј-CATCCTCCGGTTAAGTTTTTTC-3Ј, and pMP5 as a template, were used for PCR. The binding of ZntR to the defined PCR fragment including the zntA regulatory region was carried out in a 20-l reaction mixture containing increasing amounts of the purified C-terminally six-His-tagged wild-type ZntR or ZntR R19A protein (from 0.65 M to 26 M) and 50 nM of DNA, as previously described (32) .
CD and GdnHCl denaturation. Circular dichroism (CD) spectra of purified proteins (36 M) were recorded at 25°C using an Aviv Associates (Lakewood, NJ) model 62DS instrument. Far-UV CD spectra from 200 nm to 250 nm (step size, 1 nm; averaging time, 5 s) were corrected by subtracting a corresponding buffer blank. The CD buffer contained 10 mM potassium phosphate, pH 8.0, 2 mM DTT, and 5% glycerol. CD signals were recorded as residue ellipticity ( mrw ).
Protein samples (12 M) containing different GdnHCl concentrations (from 0 to 7 M) were prepared using appropriate dilutions of the stock solution (8 mM). Ellipticity at 220 nm was monitored at 25°C for each sample as an average of 60 data points taken at 1-s intervals after 4 min of sample mixing. The molar fraction of folded peptide was calculated as previously described (28).
RESULTS
clpX and lon mutants increase ZntR stability. ZntR was identified by a proteomic study (29) as an in vivo ClpXP trapassociated protein. To understand why this protein was captured and to identify proteases involved in ZntR degradation, we measured the rate of in vivo degradation of ZntR protein in wild-type and several protease mutant cells. Because endogenous ZntR protein could not be detected by Western blotting using a polyclonal antibody to ZntR (data not shown), Nterminally six-His-tagged or untagged ZntR was expressed from a plasmid containing an arabinose-inducible promoter (see Materials and Methods). After a 30-min induction, protein synthesis was stopped by addition of chloramphenicol and the rates of ZntR proteolysis were determined by Western blotting. In wild-type cells, untagged ZntR was degraded with a t 1/2 of about 30 min (Fig. 1A and B) . The N-terminally six-His-tagged variant was more rapidly degraded, with a t 1/2 of about 9 min (see below). Enhanced degradation by cooperative interactions between intrinsic degradation signals and added regions of flexible polypeptide sequence appears to be common (18, 36) ; this is likely the explanation for the increased degradation rate observed with the tagged protein. The disruption of clpX and lon genes increased the stability of both the six-His-tagged (data not shown) and untagged forms of ZntR ( Fig. 1A and B) , indicating that ZntR is likely degraded by both ClpXP and Lon proteases in vivo. As the protein was substantially stabilized in each of these mutant strains, ClpXP and Lon are likely the major proteases involved in ZntR degradation. Based on our observations that six-His-tagged ZntR behaves similarly to the untagged protein, we decided to use the tagged form for many of the following experiments. However, critical conclusions were confirmed using the untagged ZntR (see below).
To determine if ZntR is directly recognized and degraded by Lon and ClpXP, we purified the C-terminally six-His-tagged ZntR protein for in vitro studies. ZntR was efficiently degraded by Lon in vitro, in a reaction requiring ATP ( Fig. 2A  and B) . However, we failed to observe robust degradation of the purified ZntR by ClpXP in vitro (data not shown). These results suggest that an adaptor protein may be needed to deliver ZntR to ClpXP protease, as is the case for several well-characterized ClpXP substrates (39) .
ZntR is more stable in the presence of added zinc. Transcription of the zntA gene is strongly activated by the zincbound form of ZntR (31) . To investigate the impact of metal binding on ZntR recognition by proteases, we determined the in vivo degradation rate of untagged ZntR in the presence and absence of added zinc. Zinc (ZnSO 4 ), at a concentration of 0.5 mM that is known not to affect cell growth (3, 46) , was added to the culture simultaneously with arabinose to induce ZntR protein expression. ZntR levels were then monitored following arrest of protein synthesis 30 min after zinc addition.
In the presence of added zinc, the t 1/2 of untagged ZntR was increased (t 1/2 of Ͼ60 min) more than twofold compared to its stability (t 1/2 of ϳ30 min) in the culture grown in the absence of added zinc (Fig. 1C and D) . Also, the stability of the Nterminally six-His-tagged variant was enhanced in the presence of added zinc, from 9 min to 15 min (see Fig. 3A) . Thus, the zinc-bound protein appears more stable to proteolysis than the apo or "low-zinc" form of the protein. We prefer to use the term "low zinc" as, based on our measurements, the medium contains an estimated concentration of 80 to 200 nM heavy metal (see Materials and Methods), and at least some of this trace metal is likely to be zinc; thus, some fraction of the ZntR is very likely zinc bound, even in the condition of no added zinc. Previous experiments established that zntA transcription is induced in wild-type E. coli 5 min after zinc addition and that after 30 min the level of zntA transcript decreased to the level prior to addition of zinc (46) . We were interested in whether ZntR stability would change on a shorter timescale after the addition of zinc. Therefore, we also tested ZntR degradation 5 and 10 min after zinc addition. Under these experimental conditions, ZntR was found to have a t 1/2 similar to that measured 30 min after zinc addition (data not shown). In our experiments ZntR was overexpressed; therefore, in the experiments performed by Yamamoto and Ishihama (46) , the levels of endogenous zinc-bound ZntR may have fluctuated more rapidly than we observed.
To start to address the mechanism of increased stability of ZntR in the presence of added zinc, we first replaced the residues known to coordinate zinc. The crystal structure of ZntR missing the N-terminal 43 or 45 amino acid residues from each monomer was recently solved (5). ZntR binds two zinc ions per monomer, with one atom coordinated by C114 and C124 of a metal-binding loop and C79 from the other monomer. The other zinc ion is coordinated with C115 and H119 of the metal-binding loop and C79 from the other monomer. Thus, C79 connects the metal-binding domain of one monomer and the dimerization domain of the second monomer. ZntR derivatives with single amino acid substitutions (C79A/S, C114A/S, C115A/S, or H119A) were previously assayed for their response to added zinc by measuring activation of zntA transcription (23) . The replacement of the cysteines abolished transcriptional induction of zntA in the presence of added zinc.
Our N-terminally six-His-tagged ZntR mutant proteins, containing single or double amino acid substitutions (C79A, C79A/C114A, or C79A/C115A), were not stabilized by zinc in vivo (Fig. 3A) . These data suggest that zinc binding mutants lose the zinc responsiveness of the stability against proteolysis. However, the six-His-tagged mutant proteins were all degraded with a rate similar to that of the six-His-tagged wildtype ZntR in the absence of added zinc (Fig. 3A) ; thus, the proteins are not hyperunstable, suggesting that their structures were not grossly altered.
Zinc binding to ZntR protein is not sufficient to protect ZntR against degradation. To test whether increased ZntR stability was due solely to zinc binding to the protein, we performed in vitro degradation experiments using the low-zinc or zinc-bound form of the C-terminally six-His-tagged ZntR. First, we determined the zinc content of the purified C-terminally six-His-tagged wild-type ZntR using an assay employing the metallochromic indicator PAR and found that it contains 0.075 Ϯ 0.01 zinc/monomer. In contrast, the zinc-bound form of this protein (prepared under aerobic conditions) contained 0.75 Ϯ 0.075 zinc/monomer. These data are in concert with the previously published results for the purified untagged ZntR, which contained less than 0.05 zinc/monomer for the low-zinc and 0.9 Ϯ 0.3 zinc/monomer for the zinc-bound forms, respectively (31) .
Lon in vitro degradation of the low-zinc or zinc-bound form of the C-terminally six-His-tagged ZntR showed that the two proteins were degraded with similar t 1/2 s of about 50 min ( Fig.  2A and B) . Therefore, zinc binding to ZntR is not sufficient to protect ZntR against degradation by the Lon protease, although our in vivo experiments showed an increase of ZntR stability in the presence of added zinc. These data suggest that another ligand acts together with zinc binding to stabilize ZntR in vivo.
Dissection of the protease recognition signals within ZntR. A recent proteomic analysis of ClpXP-trapped proteins revealed five classes of ClpX recognition motifs that are bound by the enzyme as unstructured peptides and are usually located near either the N or the C terminus of the substrate protein (11) . The Lon protease has also been reported to recognize terminal signals (20, 41) .
ZntR does not appear to carry any of these characterized signals. To identify potential recognition sequences, we con- structed and expressed several variants of ZntR carrying N-or C-terminal epitope tags and deletions or substitutions at the N or C terminus and measured the rate of in vivo proteolysis for each of these protein variants. The N-terminally six-His-tagged variants with deletion of 5 or 8 amino acids from the C terminus or carrying variable residues at the C terminus (DDD, DDDGC, or DDDDDDGC) were each degraded with a t 1/2 (of about 9 min) similar to that of the N-terminally six-Histagged wild-type ZntR (Fig. 3C) . These results suggested that the C terminus is not important for ZntR recognition. In contrast, substitutions at the N terminus (Y2A or R3A) of the Nor C-terminally six-His-tagged ZntR resulted in more rapid degradation of ZntR (Fig. 3A) . These six-His-tagged ZntR mutant proteins were degraded with a t 1/2 of about 4 min. A potential explanation for these results is that the amino acid replacements may compromise the ability of ZntR to bind DNA, as the helix-turn-helix motif involved in site-specific DNA binding is predicted to start at residue 4 of the protein (Fig. 3B ). These data suggest that potential recognition signals may be located at or near the N terminus. Perhaps these determinants overlap with the helix-turn-helix motif, making a mutational analysis of the protease recognition signal(s) difficult. Next, we wanted to know whether the N-terminally six-Histagged ZntR variants carrying replacements at the N terminus (Y2A or R3A) were responsive to zinc. These mutants, probably compromised in their ability to bind DNA, were less stable than the N-terminally six-His-tagged wild-type ZntR protein in both the presence and the absence of added zinc (Fig. 3A) . These data lead us to hypothesize that the interactions of ZntR with both zinc and DNA play roles in protecting the protein from destruction by ATP-dependent proteases. How these protein-ligand interactions function together to stabilize the protein is probed further below.
zntA transcription is not activated by ZntR R19A . Previous studies showed that both the apo and zinc-bound forms of ZntR bind to DNA (31) . However, ZntR dramatically activates the transcription of the zntA gene only in the presence of added zinc (2) .
ZntR is a member of the MerR family transcriptional regulators, which activate transcription through distortion of the DNA at the center of the operator (4). Alignment of the N-terminal helix-turn-helix DNA binding regions of the MerR family members revealed several conserved positively charged amino acids (23) . To isolate a mutant variant defective in operator binding, we replaced in ZntR one of these conserved residues, arginine 19, with alanine and tested ZntR R19A activation of a chromosomal zntA::lacZ transcriptional fusion. ZntR R19A abolished zinc-induced activation of zntA in vivo. The expression of the zntA::lacZ operon fusion was measured in a zntR mutant strain, with N-terminally six-His-tagged wildtype ZntR or ZntR R19A expressed from a pBAD vector in the presence or absence of added zinc. In the presence of added zinc, wild-type ZntR activated the expression of the zntA fusion more than 10-fold over the activity measured in the absence of added zinc (Fig. 4) . When ZntR R19A was expressed from the plasmid, no significant increase in the expression of zntA fusion was observed in the presence of added zinc (Fig. 4) . The R19A substitution did not affect the ability of ZntR protein to bind zinc. The purified C-terminally six-His-tagged ZntR R19A contained 0.075 Ϯ 0.01 zinc/monomer, as did the C-terminally six-His-tagged wild-type protein. Likewise, the zinc-bound form, prepared under aerobic conditions as was the six-Histagged wild-type ZntR, has the same content of 0.74 Ϯ 0.06 zinc/monomer. The lack of zntA activation by ZntR R19A in the presence of added zinc suggests that this mutant protein is defective in binding to operator DNA due to disruption in the helix-turnhelix motif. Thus, this mutant was attractive for further probing the link between DNA binding and zinc-controlled proteolysis. ZntR R19A does not bind DNA. ZntR dimer interacts with the palindromic sequence located in the suboptimal spacer, between the Ϫ35 and Ϫ10 region, of the zntA promoter region, to make the zntA promoter a better substrate for the RNA polymerase (2). To determine whether ZntR R19A can bind specifically to DNA, gel mobility shift assays were performed ( Fig.  5A and B) . Increasing concentrations of purified C-terminally six-His-tagged wild-type ZntR or ZntR R19A proteins (from 0.65 M to 26 M) were incubated with a defined 92-nucleotide DNA fragment containing the zntA regulatory region. A protein-DNA complex was clearly detected when the wild-type protein was incubated with the DNA fragment (Fig. 5A) , whereas no complex band was observed when the same DNA fragment was incubated with the purified ZntR R19A (Fig. 5B ). There is no published information on the K d of ZntR for DNA, but the protein concentrations used in our experiments are in excess compared to that (75 nM) used by Outten et al. (31) for their footprinting experiments, indicating that ZntR R19A is severely defective in DNA binding. Our data confirm that the lack of activation of zntA transcription by ZntR R19A (Fig. 4 ) can be explained by compromised binding to zntA operator DNA.
ZntR R19A is properly folded. CD spectroscopy was used to confirm that the inability of C-terminally six-His-tagged ZntR R19A to bind DNA is due to a change in affinity and not to unfolding of the protein. Far-UV CD spectra were collected to detect potential changes in the secondary structure introduced by replacing R19 from the DNA binding domain. The 
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on September 12, 2017 by guest http://jb.asm.org/ presence of two minima at 208 nm and 222 nm demonstrates that both proteins have substantial alpha-helix content (Fig.  5C ). The spectrum of the mutant protein is nearly identical to that of the wild type, indicating that ZntR secondary structure was not affected by the R19A substitution. As a further control, the thermodynamic stability of the proteins was assessed through chemically induced unfolding of C-terminally six-His-tagged wild-type ZntR and ZntR R19A , which was monitored by CD at 220 nm. The denaturation profiles of the two proteins were virtually identical and showed the same denaturation midpoint of 2.6 M GdnHCl (Fig. 5D ). These data demonstrate that ZntR R19A is properly folded. The R19A substitution accelerates degradation and destroys the zinc responsiveness of ZntR proteolysis in vivo. We established that ZntR R19A is defective in activation of zntA transcription and DNA binding but remains properly folded. Therefore, we used this protein to test the hypothesis that DNA binding is important for zinc-regulated stability of ZntR in vivo.
ZntR R19A was more rapidly degraded in vivo ( Fig. 6A and  B) . This untagged mutant protein was degraded with a t 1/2 of about 15 min, approximately twofold faster than the wild-type untagged ZntR (t 1/2 of ϳ30 min). Whereas wild-type ZntR was more stable upon addition of zinc (t 1/2 of Ͼ60 min), no significant changes in the rate of proteolysis could be observed for ZntR R19A . These data indicate that the binding to DNA is needed for zinc-enhanced ZntR stability. In vitro degradation by Lon protease of the low-zinc or zinc-bound form of the C-terminally six-His-tagged ZntR R19A showed that the two forms are degraded with a t 1/2 , of about 50 min, similar to that of the C-terminally six-His-tagged wild-type ZntR (Fig. 6C and  D) . These data argue against the explanation that ZntR R19A is more rapidly degraded in vivo because it is intrinsically a better protease substrate and therefore support our conclusion that enhanced degradation observed in vivo is due to the defect in DNA binding. The influence of DNA on Lon degradation of the mutant and wild-type ZntR could not be investigated in vitro, as Lon protease binds nonspecifically to nucleic acid and its enzymatic activity is generally inhibited (reference 6 and our unpublished observations), an effect that confounds the interpretation of these experiments.
DISCUSSION
The intracellular levels of transcriptional regulators are critical for cellular physiology and homeostasis. Regulated proteolysis of transcriptional factors involved in the influx or efflux of metal ions contributes to metal homeostasis.
In this study we have shown that ZntR is degraded in vivo by the ClpXP and Lon proteases (Fig. 1) . The ATP-dependent proteases typically recognize their substrate proteins by binding to short unstructured peptides located usually at either the N or the C terminus (11, 14, 20, 40, 41) . Our deletion and mutational analyses demonstrate that the C terminus is not important for ZntR recognition by those proteases. The identification of potential recognition signals at or near the N terminus was difficult because any important determinants located in this region appear likely to overlap with the DNA binding helices. In fact, we find that the protein is preferentially degraded when defective in DNA binding, consistent with the idea that the protease recognition signals and the DNA binding determinants may overlap. In the absence of added zinc, untagged ZntR is degraded with a t 1/2 of about 30 min, whereas the addition of high zinc concentrations to the culture results in a more-than-twofold increase in ZntR t 1/2 ( Fig. 1C  and D) . ZntR has a femtomolar sensitivity to free zinc (30); therefore, the ZntR t 1/2 of about 30 min in the absence of added zinc is likely an underestimate of the turnover rate of the apo form, as there is certainly some zinc present in the medium and in the environment under these experimental conditions. The in vivo trapping and degradation experiments strongly indicate that the ClpXP and Lon proteases are responsible for turnover of ZntR. We were able to confirm that ZntR is a Lon substrate by in vitro degradation experiments (Fig. 2) . We were not able to find robust in vitro degradation by ClpXP. Therefore, the in vivo degradation defect seen in a clpX mutant could be indirect. However, we favor the idea that ZntR is a direct substrate, as it is trapped by ClpXP trap in vivo and stabilized in a clpX mutant. Perhaps it needs an adaptor protein to be efficiently recognized, explaining its inefficient degradation by purified ClpXP.
The mechanistic basis for the increase of ZntR stability in the presence of added zinc was dissected by replacing the amino acids in ZntR known to coordinate zinc. These substitutions do not affect ZntR recognition and proteolysis in the absence of added zinc, but they cause the loss of zinc-enhanced stability observed with the N-terminally tagged wild-type protein upon zinc addition (Fig. 3A) . In contrast, replacement of the conserved arginine 19 from the predicted helix-turn-helix motif of the DNA binding domain results in a failure to bind DNA in vitro (Fig. 5B ) and a decrease of ZntR t 1/2 in vivo ( Fig.  6A and B) . A t 1/2 of about 15 min was observed for the untagged ZntR R19A regardless of the presence or absence of added zinc; these data strongly suggest that binding to DNA stabilizes ZntR against proteolytic attack.
We propose a model (Fig. 7A ) in which two different ligands, zinc and DNA, act together to increase ZntR stability in vivo: (i) the apoprotein is unstable, although the MerR-like regulators in their apo form do bind DNA (4); (ii) ZntR t 1/2 increases upon addition of zinc; and (iii) DNA binding is needed for zinc-enhanced ZntR stability. We conclude that it is the zinc-bound, operator-bound form of ZntR that is most stable against proteolysis. The structural basis of the increased stability of ZntR within this complex is unknown; however, studies with several MerR family members demonstrate differences in the conformation of the protein-DNA complex upon metal binding. For example, the apo form of the transcription factor binds to the operator DNA and induces bending of the DNA. Metal binding then induces an additional conformational change, detected by further distortion of the operator DNA (4). Thus, there is substantial evidence that the zincZntR-operator ternary complex is likely to have a unique structure that could explain its enhanced protease resistance.
This study provides the first example of a combination of two ligands, metal and DNA, that contribute to increase the stability of a protein, here the transcriptional regulator ZntR. Each of these cofactors has been shown previously to contribute singly to protein stability. It has been shown that the degradation of SoxS by Lon is inhibited by protein-DNA or protein-RNA polymerase interactions (40) . Another ClpXP substrate, the O initiator protein, is rapidly degraded but is protected against proteolysis when it is a member of the replication complex (45) . Metal involvement in recognition of a substrate by ClpXP protease has also been shown for the global regulatory protein FNR (26) . Apo-FNR, which lacks the Fe-S cluster, is degraded more quickly than the active [4Fe-4S] 2ϩ form of FNR. In contrast, at high copper concentrations the turnover of CopZ metallochaperone in Enterococcus hirae is enhanced (25) . The same effect was observed for the copper transporter Ctr1 of Saccharomyces cerevisiae and the yeast transcription factor Mac1 (47), whose degradation is critical for copper resistance. Thus, it appears that metal ion control of It is very attractive to consider that ligand-controlled proteolysis of ZntR contributes to the homeostatic control of zinc export in E. coli through a feedback loop (Fig. 7B) . Our study revealed that apo-ZntR is less stable in vivo than zinc-ZntR (Fig. 1D) . It has been previously shown that the ZntR apo form only slightly activates zntA transcription (31) . Therefore, at low intracellular zinc levels there is poor activation of zntA expression or zinc export, but the zinc uptake is activated and zinc accumulates in the cell. At high intracellular zinc concentrations, ZntR binds zinc and the protein's stability against degradation increases. This complex formation and stabilization lead to strong activation of zntA transcription and high zinc export. High zinc efflux and inactivation of zinc import result in a low intracellular zinc concentration, closing the feedback loop. Increased ZntR stability against proteolysis, in the presence of toxic zinc concentrations, thus may be necessary to ensure a high zinc export.
